Abstract: Experimentally, the fluorescent intensity of the pyrene-functionalized fluorescent film is reduced by introducing nitrobenzene. In order to fulfill the functional reason of this quenching effect, a molecular dynamics simulation is adopted in this paper. The simulation finds that the structural changes of the pyrene molecules in the film are the main reason for the quenching effects. Result reveals that, in the vacuum environment, the distance between a pair of pyrene ring centers distributes from about 4 Å to 10 Å, and a large number of distances populate at 5.3 Å, which is a suitable distance for excimer emission. The introduction of nitrobenzene leads to a decrease of the population of pyrene molecules within that distance, indicating a decrease of excimer emission of the film. In addition, the pyrene molecule rings in the film prone to adopt a quasicoplanar structure in the vacuum, but less likely arrange into a coplanar structure when nitrobenzene is introduced. Study clearly indicates that the structural changes are all caused by the insertion of the incoming nitrobenzene molecules into the previously coplanar pyrene rings. Analysis of structure factor and X-ray scattering also indicates that the structural modification of the pyrene molecules surely reduces the fluorescent intensity of the pyrene-functionalized film in the nitrobenzene environment.
Introduction
Fast and sensitive detection of nitroaromatic compounds (NACs), in particular 2,4,6-trinitrotoluene (TNT) and 2,4-dinitrotoluene (DNT), is of major importance for finding hidden explosives in airport luggage or mail, for screening personnel of concealed explosives, and for detecting of buried landmines [1, 2] . Consequently, a lot of works have been done to design and develop sensors for these purposes.
Among all the detection method, fluorescence detection is highly sensitive and convenient. Because fluorescence detection no longer needs to handle expensive and difficult radioactive tracers for biochemical measurements, a number of homogeneous fluorescent sensors and fluorescent film sensors for nitroaromatics have been designed and prepared during the past few years [3] [4] [5] [6] . These homogeneous sensors are rapid, simple, and show promise for near real-time evaluation of nitroaromatic contamination in environmental samples. Therefore, the design and preparation of fluorescent film sensors for nitroaromatics have become a focus of much research [7] [8] [9] [10] [11] [12] [13] . In recent years, a series of fluorescent film sensors for nitroaromatics have been prepared in laboratory. For example, a novel film sensor was fabricated by covalent immobilization of the fluorophore, dansyl, on a glass slide surface [14] . However for some environmental contamination, the fluorescent sensors will be quenched and lose their advantages. Experiments have found that nitroaromatics, such as nitrobenzene, 4-nitrotoluene, 3,5-dinitrotoluene, and 2,4,6-trinitrotoluene, etc., strongly quench the fluorescent emission of the film. On the other hand, some other commonly used quenchers such as nitromethane, KI, acrylamide, etc. showed a slight quenching effect on the emission. Some research works indicate that the quenching may be caused by excitation transfer from the fluorophore to the nitroaromatics. Fluorescence quenching studies showed that the fluorophore moieties are more accessible to nitrobenzene than to other common quenchers, such as nitromethane, sodium nitrite, acrylamide, and potassium iodide, when tested in the aqueous phase. Also, a class of fluorescent films with pyrene as a fluorescent-active molecule was prepared by varying the length and structure of the spacer connecting the fluorophore and the substrate [16] [17] [18] [19] . These films have been used for the detection of nitrobenzene and other nitroaromatic compounds (NACs) in the vapor phase. It has been proven experimentally that the quenching was mainly caused by the formation of a nonfluorescent complex, F-Q, between the fluorophore and the quencher nitroaromatics [20] . On the basis of the previous statements, fundamental understanding of the interactions between fluorophore and analyte, and also the structural properties of the fluorescent film, are essential for the control of the structure related optical properties of fluorescent film sensors. Figure 1 gives our experimental fluorescence emission spectra of pyrenefunctionalized film in the absence (vacuum environment) and presence of nitrobenzene [21] . It clearly shows that the fluorescence intensity reduces by introducing nitrobenzene. However, the position of the peaks does not change, which indicates that the internal energy level structure of the fluorophore molecule does not change with nitrobenzene. This implies that the decrease of fluorescence intensity is mainly due to the structural modification of the functional molecules in the film. However, due to the thickness of the functional layer being less than 100 Å, detailed structural information is very difficult to be obtained by experimental methods. Instead, computer simulation provides very valuable structural information for these nanofilms. Therefore in order to find out the mechanism of the fluorescent quenching of the nanofilm, the present study uses molecular dynamics (MD) simulation method to investigate the structure related optical properties of the pyrene-functionalized fluorescent film in the absence and presence of nitrobenzene, respectively.
Model and simulation method
The pyrene-functionzed fluorescent film is constructed by attaching pyrene moieties onto a four-layered glass slide surface via long spacers. In order to allow the system to exchange heat with the environment at a controlled temperature, the canonical ensemble (NVT) is adopted while the periodic boundary condition is applied in the MD simulations.
The MD cell (a b c) is established according to the following criterion. Generally, the thickness of vacuum slab is three times as that of silica, so c equals to 5.000nm. As the density of this homogenous film is about 4.2/ Å 2 , the cell (with a equals to 2. The simulation is performed by using the Materials Studio 5.0 from Accelrys Software Inc. All the potential parameters are based on the condensed-phase optimized molecular potentials for atomistic simulation studies (COMPASS). COMPASS is based on an earlier class of IICFF9X and PCFF forcefield which were developed with an emphasis on predicting the structure of isolated molecules or pairs of molecules in gas phase. In contrast to these earlier forcefields, COMPASS is the first ab initiobased forcefield to be parameterized using extensive data for molecules in the condensed phase, which, consequently, is able to make accurate predictions of structural, conformational, vibrational, cohesive, and thermophysical properties for a board range of compounds both in isolation and in condensed phase [22] [23] [24] . The equations of motions are solved using leapfrog scheme with a timestep of 1 fs. The pre-equilibrium period is performed for 200 ps, and the data collection is then performed for 100 ps. Figure 3 shows the atomic structure model of pyrene-functionalized fluorescent film in the absence and presence of 21 nitrobenzene molecules at 300K after 200 ps relaxation. The equilibrium configuration exhibits a clear structural modification for introducing nitrobenzene which indicates a negative influence on nitrobenzene molecules on crystal periodic structure. In the following we will give some physical characterization of the structure modification that tensely influences the fluorescent properties of this nanofilm. 
Results & Discussion

Structural modification
Central distance of the pyrene rings
The most important information about the structure of pyrene-functionalized fluorescent film is the centroid-centroid radial distribution function, g i-j (r). This function gives the probability of finding a pair of centroids i and j with a distance r apart, relative to the probability expected for a completely random distribution of centroids at the same temperature. The radial distribution function of pyrene ring centers is shown in Figure 4 . Fig. 4 . RDF of the center-to-center distance of pyrene ring pairs.
In the pyrene-functionalized film, the first peak indicates that the closest separation of the ring centers is more likely at a distance of ~4.5Å. In addition, the distance appeared at ~5.3Å is the most likely separation between two pyrene ring centers. This results are consistent with the experimental observations that the profile of the emission spectra of the film is dominated by the excimer emission of the sensing element and the fluorescence of the film are surely characterized by both monomer emission and excimer emission (see Fig.1 ). The introduction of nitrobenzene into the system results in a significant decrease of the population of pyrene molecules within the distances of 5.3Å which is suitable for the formation of excimers, suggesting that excimer emission of the film would be largely suppressed.
Dihedral angle between pyrene rings
The simulation can also find that the dihedral angle of the pyrene rings changes with the introduction of nitrobenzene. In Figure 5 the distributions of dihedral angle between two near pyrene rings in vacuum and in nitrobenzene are shown. Figure 5 indicates that the most probable dihedral angle in the vacuum environment is around 19 0 . This reveals that the pyrene rings in the pyrene-functionalized film exhibits a quasi-coplanar structure that most pyrene rings are orientated within a planar tilt of 19 0 . But, after adding nitrobenzene into the nanofilm, the most probable dihedral angle shifts from ~19 0 to ~69 0 . This illustrates that the introduction of nitrobenzenes destroys the previous coplanar structures of the pyrene molecules. Figure 6 presents the RDF of the center-to-center distance of the pyrene ring to the nitrobenzene ring. It shows that the first probable distance appears at ~3.8 Å while the closest separation of the nitrobenzene rings in the vacuum film is most likely close to ~4.5 Å. Therefore, it can be implied that the incoming nitrobenzene molecules prefer to insert between the previously formed coplanar structures of the pyrene molecules and form a complex with one of them. Considering that nitrobenzene is an electron-deficient non-fluorescent compound and pyrene is an electron-abundant one, it is expected that the formation of the complex must result in electron transfer from pyrene to nitrobenzene, provided that the distance between them and the orientations of them are in a reasonable range. Therefore, the introduction of nitrobenzene not only decreases the number of the excimers of 
Structure factor
In order to demonstrate above structural modification and the relation with fluorescence quenching, the structure factor is a very useful quantity to be used to analyze the structural effect. The structure factor is a Fourier transform of the radial distribution function which reflects a scattering power of a crystal cell on incident ray, defined by Fig. 6 . RDF of the center-to-center distance of the pyrene ring to the nitrobenzene ring. This structural change, also, can be clearly verified by the X-ray scattering simulations of the film in different environments. Fig. 8 shows that the intensity of the spectra sharply attenuates when nitrobenzene is added onto the film. This indicates that the structural order of the nine pyrene molecules decreases when the nitrobenzenes are added to the film.
Configuration energy
The structural modification is closely related to the change of energy of the pyrenefunctionalized fluorescent film. The configuration energies of pure pyrenefunctionalized film and film+nitrobenzene are shown in Figure 9 . It is seen from Figure 9 (a) that the total potential energy and the total energy of two systems are all positive, which indicates that the short-range repulsive interaction dominates in the atomic structure. However, the repulsive interaction is much stronger in the nitrobenzene doped film than that in the pure film. Fig. 10 . RDF of the center-to-center distance of pyrene ring pairs in an environment of nitrobenzene of different numbers.
The components of potential energies in two systems displayed in Figure 9 (b) imply that the electrostatic interactions are the main contributions to the stronge repulsive interaction when the nitrobenzene is added. In order to further explain the shortrange repulsive interaction between pyrene ring and nitrobenzene, the RDF of the center-to-center distance of pyrene ring pairs in an environment of different concentrations (different numbers of nitrobenzene) is studied in figure 10 . The simulation clearly shows that the center-to-center distance shifts rightward with the increasing number of nitrobenzene, which indicates that the interaction between the adding nitrobenzene with pyrene ring is repulsive. 
Fluorescence spectrum
In the end, we should investigate how the intensity of fluorescence spectrum is changed as a function of the number of pyrene molecules in the MD cell, as shown in Figure 11 .
It is obvious that the intensity ratio ( / mon excimer II ) decreases with the increasing number of pyrene molecules. Therefore, the molecules of pyrene with high density are more likely aggregated, and the fluorescent emission spectra in this case are mostly dominated by excimer emission. In contrast, the molecules of pyrene with a low density prefer to stay in monomolecular state and the emission intensity of the monomolecular will increase significantly.
Conclusions
The MD simulations presented in this paper clearly demonstrate that the structural modification induced by the quenching solvent plays a vital role in the physical properties of pyrene-functionalized fluorescent naofilm. In a free vacuum state, the most probable closest distance between the two pyrene ring centers is about 4.5 Å, and a quite large number of them populate at a distance of 5.3 Å which is suitable for the formation of a pyrene excimer, suggesting that the fluorescence of the film should be characterized by both monomer emission and excimer emission. The introduction of nitrobenzene into the film results in a decrease of the population of pyrene molecules within the distances suitable for the formation of excimers, indicating that excimer emission of the film would be decreased. Furthermore, the pyrene rings in the pyrene-functionalized film system are quasi-coplanar. But, after adding nitrobenzene into the system, the previously formed coplanar structure of the pyrene molecules is destroyed. This is mainly due to the incoming nitrobenzene molecules prefer to insert between two pyrene molecules and form a complex with one of them, which results in electron transfer from pyrene to nitrobenzene when the distance and orientation of them are reasonable. Therefore, the introduction of nitrobenzene not only decreases the number of the excimers of pyrene but also quenches the monomer emission of the fluorophore, which totally weakens the intensity of the fluorescene spectra.
